This study proposed a metal artifact reduction (MAR) method based on noncoplanar scanning for cone beam computed tomography (CBCT) imaging. Cylindrical aluminum and stainless steel bars were inserted into a phantom for cross-sectional and sagittal CBCT scanning. The metal bars were removed from scanning to obtain real CBCT images without metal artifacts. Corrected CBCT images were acquired after the artifact reduction of cross-sectional and sagittal images. Real CBCT images were used as the criteria, and the computed tomography value deviations of the original cross-sectional, sagittal, linear interpolation MAR (LIMAR), normalized MAR (NMAR), beam hardening correction (BHC) and proposed method were calculated. Most metal artifacts in the original image are removed in the corrected image, and thus, image quality is remarkably improved. The root mean square deviations of the original cross-sectional, sagittal, LIMAR, NMAR,BHC and proposed method are 122, 116, 90, 103, 92 and 85 HU, respectively, whereas their mean absolute deviations are 71, 73, 57, 55, 58 and 51 HU, respectively. The CT value deviation of the proposed method is the minimum. Conclusion: The proposed MAR method based on noncoplanar scanning can effectively reduce metal artifacts and improve CBCT image quality.
I. INTRODUCTION
Computer topography (CT), which is extensively applied to radiodiagnosis and radiotherapy, exerts an important effect on modern medicine. Metal artifacts are generated during the CT scanning of a patient with metal implants [1] ; they manifest as light or dark areas and streak artifacts. In modern radiotherapy, CT is typically used in the simulated positioning of a patient, and cone beam CT (CBCT) [2] is performed to verify patient positioning and observe tumor changes, which remarkably improve radiotherapy accuracy. However, metal artifacts are generated in CT images when a patient has a metal implant in his/her body; these artifacts exert a serious influence on patient diagnosis and treatment [3] , [4] .
Metal artifact reduction (MAR) methods [5] - [7] are generally divided into two types: iterative reconstruction [8] - [12] and sinogram correction [13] - [16] . Iterative reconstruction The associate editor coordinating the review of this manuscript and approving it for publication was Yu Zhang. requires modeling of X-ray generation, energy spectrum hardening [17] , detector reception, and system noise. This process is complicated and requires high computational cost, thereby making it difficult to implement clinically. In sinogram correction, the metal-corrupted data in the metal trace, which are considered unreliable, are replaced with surrogate data obtained through the interpolation [18] or forward projection of prior images [19] , [20] . Then, the corrected image is obtained by reconstructing the corrected sinogram using the filtered back projection (FBP) method. In addition, some data analysis methods such as maximum likelihood estimation [21] and canonical correlation analysis [22] , [23] are also used for image denoising and reconstruction. Material decomposition-inspired methods were also proposed [24] - [26] to reduce beam hardening artifacts. These methods usually adopt polynomial fitting sinogram deviation. Xi et al. [27] used High-kVp to reduce beam hardening effect of lower-kVP x rays. Chang et al. [28] proposed a prior-based iterative method to reduce metal artifacts. It combines the superiority of statistical methods with the sinogram completion methods to estimate and correct metal-induced biases. Chang et al. [28] using Convolutional neural network(CNN) to obtain prior image. He simulated the metal artifacts generation on CT images without metal artifacts and then train the CNN net from original metal artifact contaminated image to prior image. The reduction effect of simulated artifact is better, but there are obvious differences between simulated artifact and actual scanning artifact.
Existing MAR methods are based on CT cross-sectional scanning images. Scanning images in other directions (e.g., the sagittal plane) is impossible due to the limitation of the scanning field of view (FOV; generally less than 80 cm) of CT, particularly in the presence of metal implants. Moreover, scanning in a single direction (i.e., cross-section) results in missing data. Therefore, data at different spatial positions can be acquired by scanning in different directions to compensate for missing data during scanning in a single cross-sectional direction. In particular, data complementation is conducted by scanning in different directions to solve the metal artifact problem. As technology progresses, the invention of CBCT has gradually widened the FOV of ordinary CT scanning. CBCT is expected to realize the scanning/imaging of patients in different directions, including sagittal scanning. In the current study, cross-sectional and sagittal scanning were conducted via CBCT to correct metal artifacts in a phantom. 
II. MATERIALS
As shown in Fig. 1 , the experimental phantom used in this study was an intensity-modulated phantom produced by CIRS, Inc. (Norfolk, VA, USA). The dimensions of the phantom were 20 × 30 × 40 cm 3 , and its density was approximate to that of water. Four cylindrical bars (diameter: 2.5 cm; length: 20 cm), namely, aluminum, stainless steel, a waterequivalent material (same as the phantom material), and a bone tissue-equivalent material, were inserted from left to right into the phantom.
A. CBCT SCANNING
Noncoplanar CBCT scanning methods, such as crosssectional and sagittal scanning, were implemented in the phantom to obtain the images used in this experiment (Fig. 2) . The dotted line indicates the gantry scanning path.
Cross-sectional scanning: The phantom was placed on a treatment couch, and its tag line was aligned with the laser rays inside the accelerator room. The laser rays were generated by three mutually perpendicular laser lamps. A laser lamp was placed on the left and right sides of the phantom. Scanning voltage was set to 120 kV, the effective tube current was 20 mA, and the reconstructed slice thickness was 1 mm. The original cross-sectional CBCT image was acquired through scanning and reconstruction, as shown in Fig. 3 . Sagittal Scanning: The phantom was rotated by 90 • , and the sagittal plane CBCT image of the phantom was obtained by scanning after the tag line was aligned with the laser rays. During CBCT scanning of the sagittal plane, sagittal scanning can be conducted once when the FOV covered the entire phantom. The phantom can be moved for multiple scanning if the FOV cannot cover the entire phantom. In this experiment, the FOV could not cover the entire phantom due to its large size (the size was close to that of a human body), and thus, sagittal scanning was performed thrice. After the first sagittal scanning, the phantom was moved 10 cm along the left and right directions, followed by sagittal CBCT scanning twice. Three complete CBCT images of the sagittal plane were obtained. Fig. 4 shows the CBCT images of the sagittal plane at different layers obtained through the first sagittal scanning. Relative to the cross-sectional image, the sagittal plane image shows the CBCT image information of the phantom from another direction. Heavy metal artifacts were found on the layer that passed through the metal bar, as shown in Fig. 4 (A) . By contrast, no artifact existed on the layer that did not pass through the metal bar, as shown in Fig. 4 
(D).
A real CBCT image of the phantom without metal artifacts was used as reference to compare CBCT image qualities before and after correction. Two metal bars were removed for cross-sectional scanning to obtain the CBCT image without a metal bar. No metal artifacts were observed in the image. This image was labeled the real CBCT image ( Fig. 5) .
B. CROSS-SECTIONAL RECONSTRUCTION AND IMAGE MOSAICKING OF SAGITTAL SCANNING CBCT IMAGES
A 3D image of the phantom was obtained through CBCT scanning, and the sagittal plane CBCT images at all the layers were generally considered a 3D image of the phantom. The sagittal scanning images were reconstructed into cross-sectional images to determine the relationship between the CT slice thickness and pixel size of the sagittal image. Hence, cross-sectional images can be obtained from the sagittal scanning images. Fig. 6 shows the cross-sectional image derived from a sagittal CBCT scanning image, and the generated metal artifacts are completely different from those shown in Fig. 3 . In Fig. 6 , three artifacts are found in the vertical direction. These layers contain high-density materials during sagittal scanning, and thus, metal artifacts are generated. The artifact passing through the middle metal bar is vertical, whereas the artifact passing through the high-density bars at the two sides is inclined. CBCT differs from parallel beam CT. Consequently, its X-ray is generated by one point and emitted in a conical shape, thereby exhibiting a fan shape on the same layer. Then, the strip-shaped artifact is generated due to the hardening effect, and the X-ray that passes through high-density materials still follows a certain angle. The center axis passes through the center of the middle metal bar; hence, the artifact passing through the middle metal bar is vertical. No metal artifact is generated in the middle section of the two metal bars because these layers do not contain metal during sagittal scanning. However, the most serious metal artifacts are generated in the middle of the two metal bars during cross-sectional scanning, as shown in Fig. 3 .
CBCT imaging cannot be realized for the entire phantom through a single sagittal CBCT scanningprocess due to FOV limitation. As shown in Fig. 6 , the two sides of the obtained CBCT imaging are missing after the laser tag line is aligned at the center of the phantom for scanning. To obtain a complete CBCT image of the phantom, the phantom is moved by 10 cm along the left and right sides to capture CBCT images that contain the two edges. A cross-sectional display of the two images is then implemented, as shown in Fig. 7 . Two sides of the phantom are displayed in the two CBCT images, and they contain strip-shaped artifacts that pass through the high-density metal bars. The strip-shaped artifacts in the two images are all in the vertical direction with a slight inclination, and the directions of artifact inclination are contradictory. Given that the center axes of the cone beam are located at 10 cm on the left and right sides of the phantom during sagittal CBCT scanning, the metal bars are positioned at the left and right sides of the center axis during the twice scanning process, and the strip-shaped artifacts generated after the X-ray passes through the high-density metal bar are inclined to two sides.
Figs. 6 and 7 show the partial cross-sectional images of the phantom after sagittal scanning. A complete cross-sectional image can be obtained by combining the two images. Given that the center axis of the cone beam is located at different positions during the three sagittal scanning processes, the strip-shaped artifacts passing through the metal in the figures are also different. Overlapping areas are observed among the three CBCT images during the image mosaicking process, which should be accepted or rejected to obtain a complete image based on the distance from the overlapping area to the center axis of CBCT scanning. The part that corresponds to the center axis in the scanned CBCT image should be selected in the overlapping area when it is the closest to the center axis after scanning thrice. Considering that the Feldkamp, Davis, and Kress algorithm is used in reconstructing CBCT images, the reconstruction of the central plane is 2D fan beam reconstruction, which is considered accurate. However, for the plane far from the central plane, the reconstruction error will be greater when the cone angle is larger [18] . In this manner, a complete cross-sectional image of the phantom is obtained after sagittal scanning (Fig. 8 ). Fig. 8 is called the sagittal scanning image.
III. ARTIFACT CORRECTION
The metal artifact correction of an image is implemented based on cross-sectional scanning ( Fig. 3 ) and sagittal scanning ( Fig. 8) images. The two types of images are registered by affine transformation before artifact correction to make their spatial positions and image sizes identical.
After registration, artifact distribution can be obtained on the basis of the differences between the cross-sectional scanning and sagittal scanning images. In sagittal scanning, artifacts are generated only on the layer with metal, whereas no artifact exists in the middle area of the two metals. In crosssectional scanning, artifact distribution is related to the thickness of the X-ray passing through the metal. The longer the path of the X-ray passing through high-density materials, the more serious the X-ray attenuation, and the more serious the artifacts generated due to X-ray hardening and insufficient detector photons. The area with CT difference of the two images that exceeds 300 HU is set as the metal artifact area, and the small area less than 0.03 cm 2 is eliminated. The artifact areas in the two images are obtained on the basis of the inconsistency between the sagittal and cross-sectional scanning images in the artifact distribution areas, as shown in Fig. 9 . The original cross-sectional scanning image (Fig. 3 ) contains a large amount of metal artifacts. Thus, artifact correction cannot be performed directly, and preprocessing is required. A linear interpolation method is used for the preliminary processing of the original cross-sectional image, and the process is described as follows. A threshold value of 1,000 HU is used to segment the metal area in the original cross-sectional image. Then, forward projection of the original cross-sectional image and metal area is conducted, and the metal trace in the original cross-sectional image is replaced via linear interpolation in the projection space. FBP reconstruction of the corrected sinogram is conducted, and the segmented metal area is added to obtain the corrected image. The image obtained after linear interpolation (LIMAR) of the original cross-sectional image is called the preprocessed cross-sectional image (Fig. 10 ). Most serious metal artifacts in the preprocessed cross-sectional image are eliminated based on the original image. However, a considerable amount of residual artifacts is observed near the metal area, and new strip-shaped artifacts are introduced due to the interpolation discontinuity of the projection space.
The prior image can be obtained by fusing the preprocessed cross-sectional and sagittal scanning images. First, a threshold value of 1,000 HU is used to segment the metal areas in the two images, and their CT values are set to 0 HU. On the basis of the difference between the two images in artifact distribution, the following operation is performed in the artifact (Fig. 9 ) area during image fusion. For the artifact area shown in Fig. 9(a) , artifacts may exist in the area that corresponds to the preprocessed cross-sectional image, and the CT value of the sagittal plane scanning image is adopted. For the area in Fig. 9(b) , serious artifacts exist in the sagittal plane scanning image, and the CT value of the preprocessed cross-sectional image is adopted. For the area outside the artifact, the average CT value of the two images is adopted as the CT value of the image after fusion. The prior image (shown in Fig. 11) is obtained by implementing a 2D Wiener filtering of the image to eliminate the noises generated during the process. The Wiener filtering method is shown in Formulas (1) (2)and (3):
where µ and σ 2 is the local mean and variance around each pixel respectively; a is CT value in pixel before filtering; n1, n2 is index of the pixels; η specifies the size (N × M ) of the neighborhood used to estimate the local image mean and standard deviation, we take it as 5×5. b is CT value after filtering; ν 2 is the noise variance, here we uses the average of all the local estimated variances instead. Sinogram correction and image reconstruction are performed after the prior image is obtained. In the projection space, sinogram correction is implemented based on the preprocessed cross-sectional image. The forward projection of the prior image is conducted to generate surrogate data, and the metal trace of the preprocessed cross-sectional image is replaced to obtain a new sinogram. A considerable change is observed on the border of the metal trace when replacement is made directly, which produces new artifacts. The concept of linear interpolation is applied to projection replacement, in which the corrected projection can realize smooth transition on the border of the metal trace.
The image projection set is expressed as P, which contains project values obtained using n detection units at m beam angles. The projection value of the b(th) detection unit at the a(th) beam angle is expressed as P k , where k = (a − 1) × n + b, and a projection replacement method is shown in 
where {P k |k ∈ [j + 1, j + ] } is the projection that passes through the metal area (metal trace), and projection values are observed in the metal trace; P j and P j+ +1 are the projection values of the two adjacent metal traces; P pre is the projection of the preprocessed cross-sectional image; P prior is the prior image projection; P trans is the offset after the prior image is transited into the projection after correction; and P cor is the corrected projection. Image reconstruction is performed on the corrected projection using the FBP method. The metal area is segmented using a threshold value of 1,000 HU, and the corrected CT image is obtained.
To validate the effectiveness of the proposed method, we implement the MAR using the reported state-of-the-art artifact reduction methods normalized MAR (NMAR) [19] and beam hardening correction (BHC) [17] on original cross-sectional scanning image. In NMAR, the original image is segmented into air water and bone before interpolation in sinogram. BHC corrected the sinogram value by polynomial fitting in consideration of beam hardening.
For an objective and fair evaluation of artifact severities in the images, real CBCT images (Fig. 5 ) without metal bars are adopted as the criteria. The root mean square deviations (RMSDs) and mean absolute deviations (MADs) of the original cross-sectional image (Fig. 3) , sagittal scanning image ( Fig. 8) , cross-sectional image after linear interpolation (Fig. 10) , and the corrected image ( Fig. 12 ) are calculated. RMSD and MAD are computed using Formulas (6) and (7) , respectively: 
where {I i |i ∈ ROI } is the CT value of the area-of-interest of each image, and the area-of-interest is located in an area inside the phantom that does not contain any metal bar; I true i is the CT value that corresponds to the real CBCT image; and N is the total number of pixels in the area-of-interest. Fig. 3 shows the CT image obtained through cross-sectional scanning, which contains serious metal artifacts. Large dark artifact areas are generated around the two metal bars. Fig. 8 shows the CT image obtained through sagittal scanning. The artifact distribution in sagittal scanning is completely different from that in cross-sectional scanning because it contains strip-shaped artifacts that pass through high-density metal bars in the vertical direction. However, no artifact is found in the area between the two metal bars. The preprocessed cross-sectional image obtained through the artifact correction of the original cross-sectional image using the LIMAR method is shown in Fig. 10 . Serious metal artifacts in the original image are partially eliminated, and new artifacts are introduced. Fig. 12 shows the correction effect of different MAR methods. In NMAR (as shown in Fig. 12(b) ), serious dark artifacts generate between the two metal bars result from segmentation error. NMAR have a better MAR effect for the area far away from metal. The BHC corrected the serious dark artifacts, but many residual artifacts was shown in Fig. 12(c) . The proposed method eliminated most metal artifacts and image quality is remarkably improved. Using the real CBCT image of the phantom as the standard, a statistical analysis of the CT deviations among the original cross-sectional scanning image, the sagittal scanning image, the preprocessed cross-sectional image after LIMAR, the NMAR corrected image, the BHC corrected image and the final corrected image is conducted, as shown in Fig. 13 . Their RMSD values are 122, 116, 90, 103, 92 and 85 HU, whereas their MAD values are 71, 73, 57, 55, 58 and 51 HU respectively. The RMSD and MAD of the corrected image by proposed method are the minimum. Profiles of CT values at the line pass through the metal is shown in Figure 14 . The CT value of proposed method is closest to the refer image. 
IV. RESULTS

V. DISCUSSION
In CT imaging, X-ray is affected by the beam hardening and photon starvation effects after passing through high-density materials, which result in serious metal artifacts in CT images. Metal artifact distribution varies because the path length of X-ray passing through high-density materials differs at various gantry angles. Metal artifact distribution exhibits a certain regularity. For the long path of X-ray passing through high-density materials, a large amount of dark artifact areas is constantly generated due to serious attenuation. Thus, serious metal artifacts appear between the two metal bars. The NMAR method proposed by Meyer et al. [19] can effectively reduce metal artifacts under a single metal implant or minor artifact condition. However, many serious artifacts remain due to multiple metals. Abdoli et al. [7] compared the effects of several artifact correction methods on the CT images of patients with bilateral artificial femoral heads, and found that the linear interpolation, NMAR, and MAPC methods reduced most serious dark artifacts on the ligature of the two femoral heads. However, evident strip-shaped light artifacts and several minor artifacts remain in the middle area.
The proposed artifact correction method can reduce serious artifacts between two metal bars through CT scanning in different directions. The X-ray paths that pass through high-density materials differ when cross-sectional and sagittal scanning of the phantom are conducted through CBCT. Thus, metal artifact distributions considerbly differ. The metal artifacts in the CBCT image can be corrected on the basis of the relationship among the path length for the X-ray passing through high-density materials, metal artifact distribution, and the difference between cross-sectional and sagittal scanning in metal artifact distribution. The proposed method is described as follows. Cross-sectional and sagittal CBCT images are obtained through cross-sectional and sagittal scanning. The metal artifact areas in the two images are segmented out on the basis of different artifact distribution features and CT values in the two images. The preprocessed cross-sectional and sagittal CBCT images are fused to obtain the prior image. Finally, the prior image projection is used to correct the original projection and obtain the corrected image through reconstruction. The experimental results show that the proposed method reduces most metal artifacts, particularly in the middle area, and the ligature of the two metal bars is approximate to that of the real image.
In this experiment, 90 degree non-coplanar scanning is used for the phantom, which is difficult to complete in clinical patients due to CT's FOV. At present, small angle non-coplanar CT scanning can be used to obtain CT images in different directions as a supplement to conventional cross-sectional CT images. Especially for the patients who received CT-scans to the arms and legs with metal implants. Change the position of the limbs so that they can form a certain angle with the trunk of the body and obtain CT images in different directions. These CT images in different scanning directions can help reducing the metal artifacts which may be hard to distinguish in conventional cross-sectional CT images. In the future, with the development of technology, non-coplanar CT imaging of more parts of patients is expected.
VI. CONCLUSION
For CT images with multiple metal bars which generate serious metal artifacts, the proposed MAR method based on noncoplanar scanning can effectively reduce metal artifacts and improve CBCT image quality.
